A seat suspension with a rotary magnetorheological damper for heavy duty vehicles
Introduction
Prolonged periods of time spent in a vibrating machine causes the hazard known as whole-body vibration or WBV. Vibration transferred from uneven road surfaces, vibrating tools, and vibrating machinery to a vehicle driver's body significantly influences drivers' comfort and safety. Long term exposure to high levels of whole-body vibration (WBV) can also cause physical pain in the driver's neck/shoulders, lower back injuries, spinal injuries, and other musculoskeletal diseases, not only while driving but during their off time as well, and is becoming a major problem [1] . The WBV problem is much more serious in the mining industry, construction field and agriculture because rough road conditions can cause fierce vibration to vehicles or heavy machines (bulldozers, shearers, etc.) and the suspension of heavy machines and trucks used in the above areas must stiffen enough to carry their weight. The hard suspension, however, makes the vibrations caused by uneven roads and the operating actions of heavy vehicles easily transmitted to the body and this causes the drivers to experience an uncomfortable ride and ultimately, suffer health problems. Long term exposure to WBV can cause workers permanent health problems such as numbing of nerves, gut problems, spinal injuries and damage to a woman's ability to conceive [2] [3] .
The aim of this paper is to investigate ways of protecting the workers from such unhealthy and unsafe working routines by arming the heavy machinery and trucks with advanced seat suspensions.
Seat suspension has been adopted in vehicles, particularly used for commercial industry, mining, agriculture, and transport purposes [4, 5] , to provide the drivers with ride comfort, to reduce the fatigue due to long hours of driving or exposure to severe working environments, and to improve the safety and health standards. The optimisation and control of seat suspensions for vertical vibration reduction has been an active research topic for decades. To date, passive [6] , active [7] [8] [9] and semi-active [3, 10, 11] seat suspensions have been proposed. A passive seat suspension is simple, reliable, and cost-effective but it cannot provide a controllable force and consequently, performance is inevitably limited. While maintaining the geometric and dynamic properties of a passive suspension structure, an active or semi-active device has been considered for incorporation in modern seat suspension structures to meet the requirements. In particular, semi-active seat suspensions offer performance comparable to that brought by active seats without requiring high power consumption and expensive hardware. In the past decades, magnetorheological fluid (MRF) has been the preferred choice to make semi-active devices realistic [12] [13] [14] . MRF is very responsive to magnetic field, with an estimated response time of less than 10 ms [15] , and requires relatively low power to operate [16, 17] . Semi-active seat suspensions founded on MR dampers have begun to be investigated and have achieved certain expectations. For example, Choi and Han [11, 18] applied MR dampers to attenuate the vertical seat vibration. Choi and Wereley [19] investigated the application of MR dampers to helicopter crew seats to enhance the survivability of a crash. . Bai and Wereley [20] extended their work on the application of MR seat suspension for mitigating ground vehicle crashes. The current MR dampers have all been linear dampers with inherent drawbacks which need to be addressed: 1) In principle, high pressure inside damper is always needed to avoid the force lag performance, which require advanced sealing technology for the avoidance of fluid leakage; 2) With respect to the usage of MRF, the reserve of the linear damper must be totally filled up, which results in higher consumption of the MRF material and high cost.
For the above reasons, there is great possibility to advance the current seat suspension design by overcoming the above-mentioned requirements.
In order to reduce the requirements of a conventional seat suspension with linear dampers, this paper proposes a new seat suspension structure using a rotary MR damper. The seat suspension with a linear MR damper has been widely investigated but the research on semi-active seat suspension utilising a rotary MR damper is very rare. Compared with conventional seat suspension with a linear MR damper, which needs large amounts of MR fluids to fill the reserve of the linear MR damper, a rotary damper based seat suspension only utilizes a smaller quantity of MRF because the reserve of the rotary MR damper is much smaller than that of a linear one. This advantage significantly reduces the cost of the seat suspension [21] . Another advantage over linear dampers is the lack of need for sealing the rotary MR damper. The working mechanism of the linear MR damper relies on the pressure difference between the two sides of the piston, which means the pressure of at least one side is quite high and thus needs good sealing. . In terms of the rotary MR damper, the working mechanism is different and the MRF pressure is quite low, thus it is much easier to solve the sealing problem. The advantages of compact structure, anti-sedimentation of MR fluids and easy assembly of rotary MR dampers should also be noted.
For these reasons, the development of a rotary MR damper for heavy duty vehicles aims at upgrading the current seat suspension technology and improving the ride comfort of drivers. The specific contents of this paper are introduced as follows. Following the introduction, the structure and design of the proposed seat suspension will be presented. The property test of the seat suspension will be conducted in section 3 and the test results will be discussed. Sections 4 and 5 present the vibration attenuation performance of the seat suspension numerically and experimentally, respectively. The conclusion is drawn in section 6. 
The design of the rotary MR damper based seat suspension
The design of the seat suspension, including its structure and peak force, is important for the seat to achieve better ride comfort. Specifically, the structure of the seat suspension should be compact and the maximum force of the MR damper should be able to emulate the maximum desired control force that occurs under worst-case base disturbance. This subsection presents the design and peak force calculation procedure for the seat suspension in order to provide a design guideline. 
where is the torque with magnetic field and is the torque without magnetic field. According to the size, the MRF usage for the rotary damper can be calculated, which is 13.87mL.
As a comparison, the MRF usage in a representative paper [3] using a linear MR damper for seat suspension is approximately 126.24mL. The MRF usage in the rotary damper designed in this paper is significantly less. 
Based on the reference [23] , the rheological properties of the MRFs can be estimated by the following equation: As there is a gear box (ratio is 8) is mounted between the rotary damper and the scissors structure, the torque working on the scissors structure will be:
The relationship between the MR damper torque and the vertical damping force working on seat suspension is essential to guide the seat suspension design. Fig.1 shows the geometry of the seat suspension and the relationship between the MR damper torque T and vertical damping force can be obtained as:
where L o is the length of the beam of scissor structure, H is the height of the suspension. L o is a constant value of 0.287 m, and H can be measured in real-time.
Thus the overall force generated by the seat suspension can be obtained by:
where k is the stiffness of the seat suspension, x is the displacement of the seat suspension, f r =64N
is the friction force.
In summary, the above section provides the design principle which will offer useful guidelines for seat suspension design with a rotary MR damper. The comparison of the calculation pick force with the tested peak force is shown in Fig.5 .
The property test of the seat suspension and results discussion

Testing method
The dynamic properties of the seat suspension system are tested and evaluated in this section in terms of its field-dependent responses, amplitude, and frequency-dependent performance. In Fig.3 , the seat suspension was fixed onto a computer-controlled MTS machine (Load Frame Model:
370.02, MTS Systems Corporation), which was driven by a servo hydraulic system capable of exerting large axial loads onto the test specimen. The self-contained linear displacement transducer and load cells transmit the immediate responses of the tested specimen under harmonic excitations to the computer through a DAQ board. A DC power with two channels was ready to energize the magnetic fields of the specimen whenever needed. Once the testing started, the specimen moved in accordance with the preprogramed sinusoidal routine. Fig.3 . Test system for seat suspension
Test results
A series of experimental tests were conducted to evaluate and characterize the performance of this seat suspension using the above described experimental setup. For field-dependent tests, various
harmonic inputs under different current levels, which are used to energize the magnetic field working on the MRF, were chosen to load this seat suspension. The properties of variable damping can be observed in Fig.4(a) . It can be seen that the force-displacement relationships form different parallelograms and the slopes of the parallelograms increase with the increasing current. It is also observed in Fig.4(a) that the area of the force-displacement loops has a large increase before saturation occurs when the current level increases from 0A to 2A with a step of 0.5A. As the variation of damping is usually indicated by the area change of the enclosed force-displacement loops, the results demonstrate that this seat suspension shows controllable damping variations. Fig.4(c) . It can be seen that frequency variations have slight influence on the maximum force, the area of the loops, and the slopes of the parallelograms. In order to verify the correctness of the calculation in section 2.2, the comparison of the tested peak force and calculated peak force is presented in Fig.5 , where the tested peak force is obtained by using the peak force in Fig.4(a) 
where is the total mass of a driver's body, seat suspension top platform and cushion. In this dynamic model, the overall force working on the seat suspension can be calculated by:
Based on the phenomenological model for magnetorheological dampers proposed by Spencer [24] , the damping force MRF can be obtained by the following equations: The detailed parameter identification method has been given in our previous paper [25] . Fig. 7 illustrates the tracing performance of the modelling results and experimental results and the identified parameters are shown in the Table 3 . It can be seen that the predicted data matches the experimental data very well. 
2 Control algorithm
It is commonly recognized that the MR suspension system is difficult to model accurately because of its nonlinear and complicated nature. Many control algorithms have been investigated to control the MR dampers, including sliding mode control, robust control and Fuzzy logic control [26] [27] [28] . As shown in Tables 4 [28] . It should be noted that the restriction of MR damper still exists in this study.
Specifically, the MR damper should generate an active force in the same direction with relative motion when s * rel < 0 in order to achieve better vibration control performance. The MR damper, however, can only generate a force in the opposite direction with the relative motion and as a result the current is set as zero when s * rel < 0. 
The numerical simulation results
The simulation results under harmonic excitation
In this test, the excitation, Z v , is a sweep frequency signal with 10mm amplitude. Its frequency linearly varies from 0.1Hz to 2.5 Hz in 25 seconds. The simulation results are shown in Fig. 8 .
Passive-off means that the rotary MR damper is out of control because no control current was applied to it in this case. Passive-on refers to the situations where a certain current signal was chosen (0.25A, 0.5A, 1A) to energize the rotary damper, and semi-active case means the rotary damper was under control of the fuzzy logic. It can be seen that the seat suspension with off state MR damper performs the worst and the resonance happens at around 16s. On the contrary, the resonance peak is lower and lower with increasing current and can be barely seen for the seat suspension with 1A current or controlled MR damper but it still can be observed that the semiactive seat suspension performs better than all the passive seat suspensions. 
The simulation results under random excitation
The random excitation is generated by the following method. Firstly, the road displacement of the random ground surface [29, 30] can be defined as:
where is the road roughness parameter, is the vehicle speed, and is white noise with intensity 2 2 in which 2 is the covariance of road irregularity. When the random ground profile is being generated, = 0.45 −1 , 2 = 300 2 , and = 20 ⁄ are chosen. Then, a quarter car model is excited by this random ground surface and the response of the sprung mass will be used as the excitation for the seat suspension.
The simulation results are shown in Fig. 9 and it can be seen that the seat suspension with passiveoff MR damper performs the worst and the controlled semi-active seat suspension performs the best. 
The test results under random excitation
Apart from the constant frequency excitation, random excitation was also used to test the seat suspension. Fig.13 shows the comparison of seat acceleration under passive-on cases (0.25A, 0.5A, 1A), passive-off and semi-active control case. The acceleration amplitude under semi-active case is largely reduced compared to all passive-off and passive-on cases. A more direct comparison is given by calculating the RMS under those three control cases. Both the RMS values from the simulation and experimental results are given in Table. 5. Clearly, the semi-active control case has the smallest RMS value, indicating that the rotary MR damper under fuzzy logic control has the most effective vibration reduction capability. 
Conclusion
This paper proposes an innovative seat suspension design with a rotary MR damper, which can reduce not only the amount of MRF needed but also the sealing requirements. The testing results on the MTS machine show that it has the capability to vary damping in response to any change in current. Then an evaluation system is constructed, including the semi-active vehicle seat suspension, the control loop and vibration platform providing the excitations to this system. The vibration reduction effectiveness of the seat suspension is evaluated under two kinds of excitations, i.e.
constant frequency excitation and random excitation. For both of the situations, the seat acceleration under fuzzy logic control holds the minimum value, which verified the semi-active rotary MR damper based seat suspension has the most effective vibration attenuation performance.
